This article examines the importance of non-ligninolytic and ligninolytic fungi in the bioremediation of polycyclic aromatic hydrocarbon contaminated wastes. The research from the initial studies in Dave Gibson's laboratory to the present are discussed.
They coined the phrase, 'microbial models of mammalian differences between the bacterial, fungal and mammalian metabolism of PAHs. In 1976, we knew that bacteria metabolism'. They suggested that microorganisms can be used to study drug metabolism with the added advantage of initially oxidize PAHs by incorporating both atoms of molecular oxygen into the PAH nucleus to form cis-dihydrodiproducing large quantities of metabolites, so that complete toxicological evaluation as well as rigorous structural eluciols [54] ( Figure 3 ). In contrast, it was known from the studies in Don Jerina's laboratory at NIH that mammals dation studies can be obtained. Also, metabolites that are not easily synthesized by organic chemistry methods could incorporate one atom of molecular oxygen into the PAH to form arene oxides that can either undergo enzymatic easily be made by microorganisms.
Dave asked me to evaluate these papers and to outline hydration by epoxide hydrolase to form trans-dihydrodiols or else rearrange non-enzymatically to form phenols [44] . experiments to test the hypothesis of the similarities and These observations led Dave Gibson to suggest that cis and ecology and delighted in telling his students stories about his days in Dr Jackson Foster's laboratory doing hydrotrans hydroxylation of aromatic hydrocarbons represent basic differences in the metabolism of these substrates by carbon oxidation studies. I was fortunate to begin my scientific career having Dr Perry as my mentor, since he laid the procaryotic and eucaryotic organisms [55] . The question that I was asked to address was, 'Do fungi use the same foundation necessary for an understanding of microbiology, which profoundly stimulated my research career. Since the or different reaction sequences as bacteria and mammals in metabolizing PAHs' (Figure 3) ? initial isolation of C. elegans in 1972, this fungus has been used by many scientists to metabolize a wide variety of The atmosphere in Dave Gibson's laboratory was scientifically challenging, with all the technology available to compounds that vary in properties from crude oil to tricyclic antidepressants [38, 111] . develop and test the hypothesis. Certainly Dave directed a high-quality scientific research program, which attracted Dave wanted me to do initial screening of metabolites formed from fungal biotransformation of PAHs that ranged top students and post-doctoral fellows. Understanding the enzymatic mechanisms of the catabolism of aromatic in size from naphthalene to benzo[a]pyrene. Using classical biotransformation techniques and thin-layer chromatograhydrocarbons and the elucidation of chemical pathways were clear goals that I saw being pursued at this time.
phy (tlc) for detection of metabolites, we found that C. elegans, when grown on Sabouraud dextrose broth in the presWorking with fungi was new to Dave's laboratory, which confirmed my desire to conduct research in this rewarding ence of naphthalene, biphenyl, anthracene, phenanthrene or benzo[a]pyrene, metabolized these PAHs to numerous environment. The fungus that I used was Cunninghamella elegans, a zygomycete that was isolated from estuarine metabolites. When I showed Dave the tlc plates, he said, 'Carl, that looks like a chemist's nightmare.' Dave's statesediments obtained from the North Carolina coast [38] . This crude oil-degrading fungus was isolated in the laborament was profound, since that simple screening experiment has kept me busy for the last 20 years. The first detailed tory by Dr Jerome J Perry, North Carolina State University. Dr Perry was my PhD mentor, a captivating man who experiments on the fungal metabolism of PAHs was with naphthalene. Naphthalene was chosen as a model cominstilled great enthusiasm for microbial physiology and 327 pound, since its metabolism by mammals and bacteria had glucosides [17, 23, 26, 31, 36, 86, 87, 91] . The isolation of these conjugated metabolites and the detection of aryl sulfobeen examined extensively. We knew that the major route of metabolism of naphthalene by mammals involved the transferase, glutathione S-transferase, UDP-glucuronosyltransferase, and UDP-glucosyltransferase activities are incorporation of one atom of molecular oxygen into the benzene nucleus to form naphthalene 1,2-oxide. The latter indicative of a detoxification pathway, since conjugation products are considered to be less toxic than the parent compound can undergo isomerization via the NIH shift to form 1-naphthol, enzymatic addition of water to form trans-PAH [40, 112] .The results suggest that C. elegans can be used to efficiently remediate PAH-contaminated soil. 1,2,dihydroxy-1,2-dihydronaphthalene (naphthalene trans-1,2-dihydrodiol), and the non-enzymatic addition of gluta-A major breakthrough on the potential of fungi for use in PAH bioremediation was in 1985 when Bumpus et al thione to form conjugated derivatives. In contrast, bacteria incorporate both atoms of molecular oxygen into naphtha- [16] reported that the white-rot basidiomycete Phanerochaete chrysosporium partially degraded benzo[a]pyrene to lene to form naphthalene 1,2-dihydrodiol with a cis-stereochemistry.
carbon dioxide. The ability of P. chrysosporium to metabolize PAHs was attributed to the action of ligninolytic The initial biotransformation study in 1977 showed that C. elegans oxidized naphthalene to naphthalene trans-1,2-enzymes. This initial report has stimulated many other investigators to show that the lignin-degrading system of dihydrodiol, 1-naphthol, 2-naphthol, 4-hydroxy-1-tetralone and 1,2-and 1,4-naphthoquinones [30] . Subsequent studies P. chrysosporium, which includes lignin peroxidase and manganese peroxidase, is important in PAH degradation showed that C. elegans also formed 1-naphthylglucuronide and 1-naphthyl sulfate [26] . A collaborative investigation [3, 15] . Lignin peroxidases are extracellular enzymes that are induced during secondary metabolism under nutrientin 1978 with Paul Szaniszlo's laboratory at the University of Texas at Austin showed that the ability of fungi to metadeficient culture conditions. It has been shown that the lignin peroxidases oxidize a variety of PAHs with ionization bolize naphthalene was widespread among the five major fungal taxa [35] . The zygomycetes generally have the highpotentials below 7.56 eV. Lignin peroxidases ionize aromatic compounds to create aryl cation radicals, which est degradative ability amongst the fungi screened, which could be linked to cytochrome P450 involvement in ergoundergo further oxidation to form quinones [4, (Figure 4 ). These metabolites are similar to phase I metabolites of xenobiotics forfluorene and phenanthrene were not oxidized. Sutherland et al [102] also suggested another pathway in the metabmed by mammalian enzyme systems. However, a major difference between C. elegans and mammals is that the olism of phenanthrene by P. chrysosporium through cytochrome P450 monooxygenase and epoxide hydrolase major enantiomer of the dihydrodiols formed by C. elegans has an S,S absolute configuration compared to the predomito form phenanthrene trans-9,10-dihydrodiol. Recently, a cytochrome P450 gene has been cloned and identified in P. differs from P. chrysosporium in its lignin degradation basic mechanisms for the oxidation of PAHs. The predominant pathway in the initial oxidation of PAHs is a cytomechanism, since it does not have lignin peroxidase activity. Based on the isolation of chemical intermediates, chrome P450/epoxide hydrolase catalyzed reaction leading to the formation of trans-dihydrodiols. These metabolic enzyme assays, inhibitor studies and 18 O 2 incorporation experiments, we suggested that P. ostreatus has at least two steps are similar to those found in non-ligninolytic fungi, and energy, and therefore the medium must be supplemented with an additional carbon source to allow to those previously reported for C. elegans. However, in contrast to non-ligninolytic fungi, P. ostreatus has another fungi to metabolize them. (3) The initial metabolism of PAHs by nonbasidiomycete oxidative pathway that can cleave the aromatic ring and mineralize the PAHs, as do ligninolytic fungi such as P.
fungi has been shown to result only in the oxidation of the PAHs; generally, PAHs are not mineralized by chrysosporium. The roles of laccases, manganese peroxidase and other ring cleavage enzymes in PAH degradation these strains. (4) Some white-rot basidiomycetes have the ability to by P. ostreatus remain to be determined.
Since the initial studies in Dave Gibson's laboratory, a cleave the aromatic rings and mineralize PAHs. (5) Generally, non-ligninolytic fungi metabolize PAHs to considerable amount of data have been reported by many laboratories on the importance of fungi in the metabolism dihydrodiols, phenols, quinones and dihydrodiol epoxides. Conjugation products, like glucuronides, xyloof PAHs [20, 21, 39, 85, 99, 101] . A summary of our current knowledge is listed below:
sides, glucosides and sulfates have also been reported. Conjugation pathways lead to detoxification, whereas the oxidation products like quinones or dihydrodiol epoxides may be bioactive and toxic. (1) A wide variety of fungi have been shown to metabolize PAHs that range in size from two to six rings (Tables (6) Several enzymatic systems are involved in the fungal metabolism of PAHs. They include intracellular 1 and 2). From the many PAH-degrading strains, the zygomycete Cunninghamella elegans, the ascomycetes cytochrome P450 and extracellular lignin peroxidase, manganese peroxidase and laccase. Aspergillus niger and Penicillium sp, the white-rot degrade the PAH or have the potential to render them 1788-1792. unavailable and therefore lessen the human toxicity. on the molecular genetics and biochemistry of catabolic 20 Cerniglia CE. 1992 
